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The Last Glacial Maximum (LGM) corresponds to the most recent time when ice-
sheets and ice-caps globally reached their maximum integrated volume.
Quantifying how cold it was remains challenging, especially in regions that were
entirely covered by ice. Climate records are often not well preserved, thereby
restricting the use of existing climate proxies. Here we demonstrate that the mean
annual temperature in the western Alps was 8.8 + 2.1 °C cooler at the end of the
LGM than present by measuring the temperature history recorded in rocks using
thermoluminescence of feldspar. These results are consistent with climatic
reconstructions inferred from the detailed geomorphic mapping of the ice-cap that
covered the Alps. Our results imply that climate was considerably colder than the
global average and substantially drier in central western Europe compared to

present.

The Last Glacial Maximum (LGM) lasted from about 33 kyr to about 17 kyr ago
and corresponds to the largest and probably best-documented climate change in recent
Earth history (1). Climate was generally drier and temperatures were globally lower.
Cooling led to the expansion of polar ice-sheets and icecaps at high latitudes and on
sufficiently high mountain ranges, but what the actual temperature was during the LGM
remains uncertain. Despite a long history of research (2), estimates of mean global
temperature vary widely from 1.7 to 8 °C lower than present (3-9). In addition, such
global temperatures mask even larger regional temperature fluctuations. Quantifying
regional variations is particularly important to understand climate dynamics as regional
temperature differences cause pressure gradients that govern the distribution of heat

and moisture on Earth.
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In that context, the LGM European continental climate is particularly elusive.
Temperature and precipitation in western Europe are primarily controlled by the
position and intensity of the jet stream and storm track. The decrease of greenhouse gas
concentrations in the atmosphere and the presence of large ice sheets during the LGM
caused a decrease in temperature that increases with increasing latitude. Such a
strengthening of the equator to pole temperature gradient likely affected the position and
intensity of the jet stream and storm track, and thus European climate. This problem has
been the focus of numerous modeling studies (10-14), which often argue for a more
zonally oriented atmospheric jet stream during the LGM compared to present (12,15) but
predict surprisingly different temperature and precipitation patterns over western
Europe (11,13,14). These differences are even further exacerbated by their longstanding
disagreement (10,14) with climate reconstructions based on pollen (16-18) or stable

isotope in groundwater (19) and speleothems (20).

The western Alps host the highest topography in central western Europe and form
an important physical boundary that strongly influences the climate of surrounding
regions. During the LGM, the Alps were entirely covered by a large ice-cap that reflected
climatic conditions in Europe at that time (21-23). The ice extent reflects temperature,
precipitation and insolation, but the ensemble of temperature and precipitation
combinations that can explain the observed ice extent is non-unique and varies spatially
(22). Furthermore, there still exist large uncertainties concerning the ice thickness (23)
although the ice extent is well documented (24). As a result, it is not possible to
discriminate precipitation and temperature changes using the ice extent alone. One must
acquire independent estimates of temperature or precipitation to constrain the climatic

conditions that prevailed in central Europe during the LGM.

To independently constrain how temperature changed between the LGM and the
present, we collected samples along a 500 m vertical profile on the valley flanks of the
Mer de Glace, one of the largest glaciers in the Alps which retreated since about 19-17 kyr
ago (25-26). We collected samples on steep slopes, which only accumulate limited
amounts of snow in winter (Fig. 1). The rocks have been exposed to atmospheric
conditions since the end of LGM and thus provide a record of atmospheric temperature
since that time. We reconstructed the temperature history of each rock using a new
method based on thermoluminescence of feldspar (27). The principle of the approach

consists of translating the abundance of trapped electrons in the crystalline lattice into
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corresponding time-temperature histories (27; Supplementary Materials). Using a well-
calibrated physical model combined with a Bayesian approach, we reconstruct the mean
annual temperature since the end of the LGM. In comparison to other existing proxies,
our method does not rely on numerous climatic assumptions such as seasonality,
precipitation, plant-available moisture, the length of the growing season (16-18) or the

preservation of organic compounds (28).

Our results show that the temperature difference between the LGM and the
present is about 9 °C for all samples (Fig. 2). The thermoluminescence method yields rock
temperatures that are higher than atmospheric mean annual temperatures. However, it
is expected that the temperature in rocks exhibit an offset with atmospheric temperature
depending on their exposure to solar radiation, their color and the amount of snow cover
(29). We compare our results to temperatures estimated from a statistical relationship
between air temperature and measured rock temperature used to characterize rock
permafrost (29). The results show a good match between the two approaches (Fig. 2).
Combining all the luminescence measurements, we find a temperature difference
between the LGM and the present of 8.8 + 2.1 °C. The constant temperature difference
with altitude also indicates that the lapse rate did not change between the LGM and today,
and remained about 0.55 °C per 100 m.

Visnjevic etal. (22) recently inverted the ice extent for the entire Alps into spatially
variable equilibrium line altitudes (ELAs) (Supplementary Materials). The ELA is the
most useful parameter to quantify the effect of climate on glaciers and icecaps. It defines
the altitude where the annual accumulation of snow is equal to the ablation, and it
primarily depends on winter precipitation and mean annual temperature. They ran 25
inversions (22) that we complement with 12 additional inversions to find the ELA maps
(Fig. 3) that best explain the observed ice extent. Then we translate the LGM ELA maps
into mean annual temperatures and winter accumulation rates at the Mer de Glace, using
the prescribed accumulation rate and our observation that the altitudinal temperature
lapse rate did not change between the end of the LGM and the present (Supplementary
Materials). The temperature histories inferred from thermoluminescence are local but
the inversion of the ice extent enables us to integrate information at the scale of the Alps.
Furthermore, our calculations illustrate the tradeoff that exists between temperature and

precipitation when using the past ice extent as sole information (22-23).
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The combination of our results imply that climate in the Alps was colder at the end
of the LGM by about 9°C and more likely between 50 and 85% drier than it currently is
(Fig. 4). The estimated temperature difference also matches the results from an
independent ice-extent reconstruction that assumes that precipitation patterns at the
LGM were identical to present but that climate was about 50% drier (23). More
importantly, temperatures in the Alps at the end of the LGM were cooler than the recently
estimated -6.1 °C global cooling (9). Estimates of global averages are overwhelmingly
based on marine sea surface temperature records and models. Our results imply that
temperature differences between the end of the LGM and the present can be larger in
regions that were entirely covered by ice. If these locations were included, estimated

global average temperature would be lower.

Inferences of past climate in the Alps have so far relied on the analysis of fossil
assemblages of biota and pollen preserved in lake sediments and peat (30), the analysis
of oxygen isotopes in speleothems (e.g., 20), lake sediments (e.g., 31) and groundwater
(19), or the analysis of past soil formation processes (30). Although the existing records
show that climate in the Alps likely followed the Greenland oxygen isotope record (30),
there is currently no climate record that span the last 20 kyr continuously. The ice-cap
that covered the Alps prevented vegetation to grow and thereby produce the necessary
climate archive. Additionally, uncertainties on the atmospheric conditions during the
LGM have made the conversion of most climate proxies into LGM temperature and
precipitation particularly challenging (30). The fossil pollen records suggest that the
mean annual temperature difference between the LGM and today is somewhere between
10 and 15 °C (16,18). Our results provide us with slightly lower temperature estimates.
Interestingly, lower temperature differences are in better agreement with existing

climate simulations (10,14).

Our findings that temperatures at the end of the LGM were 8.8 + 2.1 °C lower than
present and possibly up to 85% drier suggest that an increase of moisture related to a
large southward shift of the storm track trajectories that would lead to an increase of
atmospheric moisture in the Alps is rather unlikely (20,21). Instead, our results are more
consistent with a range of atmospheric models (14) and in particular those suggesting a
more zonally oriented atmospheric jet stream and storm track during the LGM (12,15).
These models predict a southward shift of the jet stream that only extended south of the

Scandinavian ice cap (12) and primarily happened in summer (11) during the LGM.
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Figures

Figure 1: Samples location. (A) Digital elevation model of the Alps. (B) Mont Blanc
Massif. (C) Mer de Glace. The yellow dots show the location of the analyzed samples. The
red boxes in (A) and (B) show the location of (B) and (C).
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Figure 2: Temperature difference between LGM temperature and present-day
temperature. The blue and red diamonds depict temperature at the end of the LGM and
present-day respectively inferred using thermoluminescence, and the black circles depict
present-day temperatures estimated from a statistical relationship between air

temperature and measured rock temperature (Supplementary Materials).
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Figure 3: LGM Equilibrium Line Altitude (ELA) inferred from the inversion of the
observed LGM ice extent (24). The white square shows the location of the Mer de Glace.
The thin black lines depict the political borders. The thick black line are 100 m contour
lines of ELA. For this inversion fis equal to 0.01 1/a and c to 0.25 m/a, which corresponds
to a temperature difference between the LGM and the present at the Mer de Glace equal

to 8.5 °C.
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and its error.
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1. Materials

Samples: Five bedrock samples were collected at the Mer de Glace glacier (Mont Blanc
massif, European Alps) at altitudes from 2133 to 2545 m. The rocks are phenocrystalline
granits of the Mont Blanc massif. All the rocks were collected from glacially eroded
bedrock surfaces (26). The sample were located between the ice-surface elevations of the
Little Ice Age (LIA) and the LGM (26). All the samples were recently dated using 1°Be
terrestrial cosmogenic nuclide and OSL surface exposure dating simultaneously
(Lehmann et al., 2020). The top four samples were exposed since the end of the LGM
about 17 kyr ago (25-26). Only the bottom sample was exposed between the LGM and the

Younger Dryas about 12 kyr ago. The location of the samples is shown in Figure 1.

2. Methods

2.1 Thermoluminescence thermometry

Thermoluminescence of feldspar: Luminescence paleothermochronometry is a recently
established technique that is based on the Quaternary dating method of
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thermoluminescence (TL) dating (32). TL dating relies on the time-dependent
accumulation of electrons in crystal defects that occurs when certain minerals, including
feldspar, are exposed to ionizing radiation from naturally occurring radionuclides (e.g.,
U, Th, and K) as well as cosmic rays. The targeted trapped charge population is thermally
sensitive, which can be exploited to extract thermal histories of rocks. The idea was first
introduced in the sixties for terrestrial applications (33) and seventies for lunar samples
from the Appolo 12 mission (34-35). It was only revived and further developed recently
for terrestrial applications (27). Biswas et al. (27,36) showed that thermoluminescence
signals exhibit a continuum of thermal stability. Each thermal stability range correspond
to a paleothermometer. The combination of several paleothermometer enables the

reconstruction of past temperature histories of rocks with great precision.

Theory: TL of feldspar can be described with a rate equation that encapsulates the
process of populating traps with electrons in response to environmental ionizing
radiation and the processes of electron escape through thermal and athermal processes.
We briefly outline the kinetic model here. The reader is referred to Biswas et al. (2020)

(27) for further information.

The rate equation for the trapped charge population of a specific trapping center,
with single trap depth (E), frequency factor (s), and athermal fading parameter (p% 37-

38) is as follows:

: E 1
% (ﬁ(r’, t)) = D%, (1 —n(r', t))a — se_ﬁ(ﬁ(r", t))b —Se P *a(r',t) (1)
where 7 is equal to n/N (where n is the number of trapped electrons at time t and
temperature T, and N is the total number of available traps), D is the dose rate due to
ambient radioactivity (Gy kyr-1), Do is the characteristic dose (Gy), a and b are the kinetic
orders of trapping and thermal detrapping respectively, E is the trap depth or activation
energy (eV), sand § are the thermal and athermal frequency factor respectively (s1), p’is
the dimensionless athermal fading rate and r’ is a dimensionless distance that
characterizes the probability of athermal escape (38). A key element is that g, b, D,Do,E
, s and p’ are constrained from laboratory experiments for each sample (Biswas et al,,

2018; 2020).
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To account for athermal loss, i.e.,, anomalous fading (39), the total number of
trapped electrons at any instant 71(t) is obtained by integrating over the whole range of

dimensionless distances (0< r'<2; 40) over which electrons can athermally escape;
A = f, prHac’, Odr’ (2)
where p(r’) is the probability of nearest recombination center at a distance between r’
and r%+dr’and expressed as p(r')dr’ = 3r'%e™ dr' (38).
This model was validated using rocks from the KTB borehole and applied to

samples from Namche Barwa (36), which gave results in agreement with other studies

from the same area (41).

It has been established that TL of feldspar arises from a continuous distribution of
trap energies (36, 42-45) and that the TL processes is reflected by the sum of a large
number of traps (36, 44); all follow the process described by Equation 1. The kinetic

parameters are constrained from laboratory-controlled experiments (27,36).

Sample preparation: The samples were prepared following the method reported in (47).

The light exposed outer layer (>2 cm from the surface) was removed using a diamond
saw under subdued red-light conditions with constant water flow to avoid frictional
heating. The interior part of the sample was gently crushed with a mortar and pestle and
sieved to separate the 150-250 pm grain size. The samples were sequentially treated
with 10% HCl and 30% H202 to remove carbonate and organic matter respectively. Once
dried, the magnetic fractions were separated and removed using a hand magnet. The K-
feldspar fraction was removed by density separation (<2.58 gm/cm?3) using sodium
polytungstate. The grains were mounted on stainless steel discs using Silko-spay. Small
aliquots of 2 mm diameter (containing ~100 grains) were prepared because the analyzed

feldspars were very bright.

Luminescence measurements: The TL measurements were made using a Risg TL/OSL

reader (48) equipped with a ?99Sr/9Y irradiation source (~ 0.24 Gy/s) at the University
of Lausanne. A heating rate of 1 °C/s was used, under constant flow of N2 gas. The TL
emission was restricted to violet-blue (395+30 nm) using a filter combination of BG3 and
BG39. A sensitivity correction was applied to the measurements following Biswas et al.
(2020). The natural TL or present-day trapped charge population was measured and a

sensitivity correction was applied to the measurements following (27).
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Inversion of TL data into thermal histories: We use a Bayesian approach to invert TL data

(n,) into thermal histories. The approach consists of generating a large number of
random thermal histories (300,000) and predict 7, for each thermal history using
Equation 1. We then compare the predicted value to the observed one, n,,, and select the
thermal histories that provide the best fit to the data. From the selected path, we can then
build a probably density function and estimate temperatures at the LGM and the present
27).

We assume that the shape of the temperature histories follows the ice core §180
Greenland record (48). All the existing records from the Alps follow the Greenland oxygen
isotope record (30). However, the records are not continuous during the last 20 kyr, and
how temperature varied is unknown and. Here we scale the continuous §180 record from
Greenland by varying the minimum temperature (i.e., temperature at ~17 kyr ago)
between -20 and 20 °C and the maximum amplitude of the temperature change between
between 0 and 30 °C (i.e., the difference between minimum the temperature and the

maximum temperature).

For each thermal history, we assess the quality of fit to the data using the following

misfit function (49)
1@l 1 Mo Ny 2
X :72i=1 [EX;Xlogﬁ_o] (3)

from which we estimate a likelihood, L,

L = exp(=x) (4)
where [ is the number of TL signals (or thermometers) selected in TL temperature range
(27), (here I=4), 03, is the measured error on 7,. To account for the measurement
uncertainties in the kinetic parameters, we randomly pick the kinetic parameters within
its error range for each thermal history. We run the model for large number of thermal
histories (300,000 iterations) to ensure that we explore a wide range of possible

solutions.

Finally, the thermal histories that best fit the data are selected using a rejection
algorithm that satisfies the criterion £ >R, where R is a random number between 0 and 1.
A probability density distribution is then constructed by counting the number of accepted
thermal histories passing through grid cells, which are generated by dividing the time-

temperature space (0-100 kyr ago and -50 to 50 °C) into 100x100 cells. This approach is
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commonly used in different thermochronometric studies (36,41,46, 51-52). The inversion

results for all the samples are shown in Figure S1.

We constrain the temperature at present and at the end of LGM, 17 kyr ago. As
mentioned above, the timing of end of LGM or complete removal of icecap is partly
uncertain. The top four samples were most like exposed since 17 kyr ago (Lehmann et al,,
2020). The bottom sample was exposed sometime between 17 to 12 kyr ago (Lehmann
etal,, 2020). To assess the influence it may have on our interpretation, we calculated the
temperature at different times (20, 17, 15 and 12 kyr ago), which is shown in Figure S2(A-
B). It is important to note that temperature is nearly the same for the deglaciation period
of 20-15 kyr ago, which is expected as we use the Greenland §180 record. As result, the
estimated temperature at the end of the LGM remain relatively insensitive to the timing
of deglaciations. However, the temperature offset is significantly lower if the deglaciation

occurred only at 12 kyr ago, which would only apply to the lowest sample.

Mean temperature difference: To estimate the mean temperature difference between the

LGM and the present in the Mer de Glace area, we calculate the weighted mean and
standard deviation using the results from the inversion for the five analyzed samples and

assuming that all the errors are independent. The results are shown in Figure S2(E-H).
2.2 Temperature model

A linear regression model (29) that calculates the difference, i.e., surface offset, between
the rock surface and the air temperature for a given potential incoming solar radiation
(PSIR) was fitted with surface temperature measurements collected at the Aiguille du

Midi (3842 m, Mont Blanc massif) between 2008 and 2018.

The surface temperature was measured at a hourly time step at a depth of 10 cm
and then aggregated into mean annual values. Three measurement points were taken in
the south-exposed face of the Aiguille du Midi, two on the east face, two on the north face
and two on the west face in sub-vertical rock walls. In addition, temperature measured
at 30 cm in three 10-m-deep boreholes were also used (one on the north-west exposed
rock face, one on the north-east and one on the south-east) in slopes angles ranging from
55 to 80°. The last three sensors and one of the three sensors installed on the south face
are usually covered by snow during winter due to local topographical setting while all
other sensors remain in snow free conditions. Snow cover influences the registered

surface temperature due to both its thermal insulation effect and its high albedo. Thereby,
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the surface temperature sample is representative of most alpine bedrock settings. The
measurements installations and settings as well as the rock surface temperature
characteristics are reported in (29). For this study, a total of 78 mean annual rock surface

temperature points were available to calibrate the regression model.

The air temperature has been measured continuously on top of the Aiguille du
Midi by Météo France since 2007. Daily air temperature values were also aggregated in
annual mean temperature. Finally, the PISR was calculated for a 1-m-resolution DEM of
the Aiguille du Midi, which was built up from a terrestrial laser-scanning point cloud
(acquired by L. Ravanel and processed by E. Ployon and F. Magnin) using the Spatial
Analyst toolbox from ArcGIS® (ESRI). As a potential value, the solar radiation was
calculated at a hourly time step over one full year assuming no atmosphere
(transmittance value of 1) and then converted into a mean annual value. PISR values were
then extracted at location of surface temperature from the 1 m resolution PISR map. The
following model was then calibrated: SO = 0.0023xPISR + 0.75. The results are shown in

Figure S3.

The model was used to calculate possible surface offset at bedrock sample
locations by mapping the PISR over a 2 m DEM generated from a point cloud acquired
and provided by the IGE (University Grenoble-Alpes, CNRS, IRD) within the GlacioClim
observation service (Fig. S4). Similarly to model calibration, the PISR was extracted at

bedrock sample location to calculate the offset with the linear regression.

Finally, we estimated the present temperature at each sample location by adding
the temperature offset to the estimated air temperature. The air temperature at each
sample location was estimated using the mean annual air temperature in Chamonix and

scaling it with altitude assuming a temperature lapse rate equal to 0.55 °C per 100 meter.
2.3 Inversion of paleo ice-extents into ELA fields

We use a formal inversion approach (22) to invert the observed ice extent into spatially
variable Equilibrium Line Altitudes (ELAs). This approach consists of imposing a mass
balance rate to an ice flow model and find the range of ELA fields that can reproduce the

observed LGM ice-extent.

To simulate the ice flow, we solve the shallow ice approximation (51) and account
for the effect of flexural isostasy to adjust the elevation due to the flexure of the

lithosphere under the weight of the modelled ice-cap. The ensemble of equations being
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solved are presented in (22,52). For the mass balance rate, M, we assume a standard

linear function (54-57):

M = min(B(S(x,y) — ELA(x,y)),c) (5)
where S is the ice surface elevation, ELA is the elevation of the equilibrium line altitude,
p is the mass balance gradient and c is the maximum accumulation rate. To keep the
number of unconstrained parameters low, we assume that f is identical for the ablation
and accumulation areas, even though the mass balance gradient is often different in the

accumulation and ablation zones.

The inversion then consists of running the ice flow model iteratively until a
spatially varying ELA field that enables to fit the observed ice extent is found. To be able
to run a large number of models, the code is accelerated using Graphic Processing Units
(52). The model is run until steady state and we assume that the maximum ice extent was
synchronous for all the observed moraines, which is reasonable given the dating errors
of about 2 to 4 ka (25). We regularize the problem by assuming a smooth solution using
a Tikhonov regularization (58-59). Each inversion includes about 1000 forward ice flow

models.

Visnjevic et al. (2020) (22) repeated the inversion 27 times for a set of possible
and c. They also varied the varied the sliding parameter, the elastic thickness and the
inversion parameters. We complemented these results with 12 additional inversions to
fully explore the range of possible solutions and in particular quantify the tradeoff that
exists between precipitation and temperature. All the inversion results reported here
were made assuming that the mass balance gradient, S, is lower or equal to the one
observed at present, i.e., 0.01 1/a (60). ¢ was varied between 0.25 and 2 m/a. The
maximum winter accumulation rate observed at present is equal to 1.71 m/a (Huss et al,,

2008).

We use an existing LGM ice extents for the Alps (24) and the SRTM data for

topography. The ensemble of model parameters is reported in (22).

Finally, we convert the inferred the ELA field into temperatures and precipitation
rates at the Mer de Glace (Fig. 4). The difference of altitude between the LGM and present
ELA is converted into a temperature difference using the observed altitudinal
temperature lapse rate (0.55°C per 100 m) for each set of § and c. The difference of

precipitation is simply taken as the difference between ¢ and the currently observed
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winter accumulation rate. Although we do not account for local effects such as
surrounding topography, we find a general agreement in temperature changes

throughout the Alps.
2.4 Ice extents for different tempetures

To illustrate the effect of temperature change on the ice extent we ran three forward
simulations assuming that the temperature was 8.5, 5 and 3.5 °C colder than present, f§ is
equal to 0.01 1/a and c is equal to 0.25 m/a, so 85% drier than at present. The results
show that the ice was not that different between 3.5 and 5 °C and considerably larger for
8.5 °C (Fig. S5).
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Figure S1: Inversion of thermoluminescence data. The first column corresponds to
inferred probability density functions of the temperature histories. The second column
shows the fit to the observed data, 7n,. The third and fourth columns depict the 1-d
marginals of probability density functions of temperature at the end of the LGM and the

present, respectively.
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Figure S2: Estimated temperature differences at different times (20, 17, 15 and 12
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temperature differences between the LGM and today was similar at 20, 17 and 12 kyr

ago.
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Figure S3: Estimated temperature offset between air and rock temperature. The

Linear regression model explaining the Surface Offset with the potential incoming solar

radiation (PISR) where the samples were collected (Fig. 1).



Figure S4: Hillshade of the 2-m resolution DEM generated for the Mer de Glace
and used to estimate the offset temperature (Fig. S3).
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1 Table S1. Thermoluminescence results and parameters. The D values are from Lehmann et
2 al. (2020). We do not report the errors for the thermal decay parameters (E, s and b). The

3  estimated assuming an arbitrary error of 5%.

Growth Thermal decay Atgség’al Natural TL( 72,5,)
TL(°Q) D(Gy/ ka) * Do (Gy) a E (eV) logio(s) b logo(p’) Uncorrected NCF Corrected
210-220 766 + 51 1.00 = 0.09 1.24 11.62 1.46 -6.02 + 0.08 0.17 + 0.03 1.36 + 0.04 0.13 + 0.02
& | 220-230 739 +0.16 690 + 46 1.00 +£0.11 1.28 11.69 1.45 -6.29 £ 0.14 0.28 + 0.04 1.34 £ 0.03 0.21 + 0.03
g 230-240 e 638 + 43 1.00 £0.13 131 11.75 1.45 -7.10 £ 0.94 0.41 + 0.07 1.31 £0.03 031 + 0.05
240-250 559 + 40 1.00 + 0.26 1.35 11.79 1.45 <-20 + 0.00 0.53 + 0.09 1.29 + 0.03 041 + 0.07
210-220 796 + 32 1.00 +£0.03 1.25 11.73 1.47 -6.36 £ 0.20 0.23 + 0.03 1.51 £0.02 0.15 + 0.02
& 220-230 735 + 0.15 500 * - 1.00 = 0.00 1.29 11.82 1.46 -6.64 + 0.39 0.40 + 0.04 1.48 = 0.02 0.27 + 0.03
g 230-240 D 644 + 27 1.05 £0.19 132 11.89 1.46 -7.62 £ 3.74 0.48 + 0.06 1.46 +0.03 033 + 0.04
240-250 559 + 29 1.18 £ 0.24 1.36 11.96 1.46 <-20 + 0.00 0.59 + 0.07 1.43 +0.03 041 + 0.05
210-220 770 + 30 1.00 + 0.04 1.23 11.47 151 <-20 + 0.00 0.36 + 0.02 1.82 +£0.03 0.20 +0.01
= 220-230 773 016 710 + 24 1.00 = 0.00 1.27 11.54 1.51 <-20 + 0.00 0.51 + 0.03 1.80 + 0.03 0.28 +0.02
g 230-240 e 631 + 20 1.02 £0.13 1.30 11.59 151 <-20 + 0.00 0.65 + 0.05 1.78 £ 0.03 037 +0.03
240-250 559 + 18 1.07 £0.13 134 11.63 1.51 <-20 + 0.00 0.76 + 0.07 1.76 + 0.03 043 +0.04
210-220 773 + 41 1.00 +£0.03 1.25 11.63 1.49 -6.13 £ 0.09 0.26 + 0.03 1.73 £0.08 0.15 + 0.02
=i 220-230 707 + 0.15 680 + 37 1.00 = 0.01 1.29 11.72 1.49 -6.18 £ 0.10 0.36 + 0.05 1.72 £ 0.08 0.21 + 0.03
g 230-240 e 625 + 40 1.18 £0.33 1.32 11.79 1.49 -6.33 £ 0.17 044 + 0.06 1.71 £ 0.09 0.26 + 0.04
240-250 502 + 36 1.10 £ 0.27 1.36 11.85 1.49 -6.51 £ 0.24 0.56 + 0.08 1.70 + 0.09 0.33 + 0.05
210-220 707 + 20 1.00 = 0.01 1.24 11.52 1.49 <-20 + 0.00 0.33 + 0.03 1.81 £0.14 0.18 + 0.02
E 220-230 814 +0.17 660 + 18 1.00 £0.11 1.28 11.59 1.49 <-20 £ 0.00 0.46 + 0.03 1.79 £0.14 0.26 + 0.03
= 230-240 T 593 + 19 1.00 £0.13 132 11.65 1.49 <-20 + 0.00 0.59 + 0.04 1.77 £0.15 033 + 0.04
= 240-250 527 + 18 1.00 +0.07 135 11.69 1.49 <-20 + 0.00 0.67 + 0.06 1.75 £ 0.15 0.38 + 0.05




